Zinc is a structural component of many regulatory molecules including transcription factors and signaling molecules. We report that two alternate signaling pathways of protein kinase C (PKC) activation involving either the lipid second messengers (diacylglycerol and its mimetics, the phorbol esters) or reactive oxygen converge at the zinc finger of the regulatory domain. They all trigger the release of zinc ions. An increase in intracellular free Zn 2؉ was observed by confocal microscopy in intact cells treated with phorbol ester or by mild oxidation. The source of liberated Zn 2؉ was traced to PKC and particularly the zinc finger domains. The activated form of native PKC␣ contained significantly less Zn 2؉ than the resting form. Furthermore, purified recombinant PKC protein fragments shed stoichiometric amounts of Zn 2؉ upon reaction with diacylglycerol, phorbol ester, or reactive oxygen in vitro. Our results offer new insight into the regulation of PKC. Far from cementing rigid structures, zinc actually is the linchpin that orchestrates dynamic changes in response to specific signals, allowing kinase activity to be turned on or off.
Zinc is essential to the structure of numerous signaling proteins. Transcription factors and signaling molecules share zinc finger structures as a common motif, although they differ in composition and function (1) . The C2H2 zinc finger is believed to provide rigidity to transcription factors for proper DNA binding capacity. By comparison, the structure/function relationship of the components in the C3H1 zinc fingers of signaling molecules is not fully understood. We report here that Zn 2ϩ ions of the cysteine-rich domain play a dynamic role in the function of protein kinase C.
Protein kinase C (PKC) 1 isoforms function as central signal amplifiers. They are engaged by two alternate pathways. Most isoforms with the exception of atypical ones (2) are activated by the second messenger, diacylglycerol (3, 4) , or its mimetics, the phorbol esters (5) . Independent of this classic pathway, PKC is also controlled by a redox mechanism where oxidation converts the protein to the catalytically competent form (6 -8) , whereas reduction reverses this process (9) . Cofactors are required for enzyme regulation by both pathways. Calcium and phosphatidylserine are important for amplification of the diacylglycerol signal, whereas vitamin A, as we have shown recently, is needed for efficient redox activation of several PKC isoforms (9) . The lipid binding sites, accommodating diacylglycerol or phorbol ester on one hand (10, 11) and retinol on the other (12) are located at the non-overlapping regions within the twin cysteine-rich structures (referred to as Cys domains) of the regulatory domains. These 50 amino acid-long highly homologous stretches contain 6 conserved cysteine and 2 conserved histidine residues, tetrahedrically coordinated by two Zn 2ϩ ions into a composite zinc finger (1, (13) (14) (15) . We show that the diacylglycerol phorbol ester pathway and the alternate redox pathway converge at this zinc finger structure. The common event is the release of the chelated zinc ions.
EXPERIMENTAL PROCEDURES
Cell Culture-NIH 3T3 cells were grown to semi-confluence in minimum essential high glucose medium supplemented with 7% fetal bovine serum. Trichoplusia ni insect cells (Invitrogen) were cultured in TNM-FH insect medium with 7% fetal bovine serum. At semi-confluence, the cells were infected with baculovirus constructs that harbored the full-length human PKC␣ or -genes or empty vector.
Intracellular Zn 2ϩ Imaging-Cells were loaded with 1 M N-(6-methoxy)-8-quinolyl-toluene sulfonamide (TSQ) (Molecular Probes) for 20 min, washed intensively with PBS, and moved to the stage of confocal laser scanning microscope LSM 510. Images were acquired with a Zeiss/LSM510 system equipped with the Enterprise UV laser. The 351-nm line was used for the excitation of TSQ, and fluorescence below 545 nm was captured. The focal plane was set close to the nuclear center. Fluorescence intensity was recorded on-line for several minutes to obtain background fluorescence, and after the addition of activator, the acquisition of images at 30-s intervals was continued for 30 min or longer until saturation was reached. Morphometric analysis was performed using the MetaMorph image analysis software. The confocal projection images present one section at 1.6-m optical resolution in the Z direction at 630-fold optical magnification. Because laser irradiation may stimulate various changes in redox-sensitive systems, controlbleaching experiments were performed. Exposing the loaded cells three times for 45 s at the maximal laser power did not change TSQ fluorescence (35.9 Ϯ 6.8 and 31.3 Ϯ 7.5 units in the control and postbleached cells, respectively). To ascertain the specificity of TSQ for Zn 2ϩ , the specific zinc chelator N,N,NЈ,NЈ-tetrakis-(2-pyridylmethyl)ethylenediamine (TPEN) was used in competition experiments.
In Vitro Determination of Zn 2ϩ Concentration-TSQ was added to 2-10-m protein solutions in phosphate-buffered saline to a final concentration of 10 M. Protein solutions were excited at 334 nm, and fluorescence emission was recorded at 465 nm in a Jasco FP-777 spectrofluorometer. A standard zinc solution (Sigma) was used to calibrate the assay system. For zinc determination by 4-(2-pyridylazo-resorcinol) (PAR), 40 M of solution of recombinant GST fusion protein in 50 mM Tris buffer, pH 7.5, was mixed with 100 M PAR and oxidized with indicated peroxide concentrations for 6 min at 37°C or treated with phorbol 12-myristate 13-acetate (PMA). Optical density was read at 500 nm. Maximum zinc release was achieved by the addition of 500 M p-hydroxy-mercuri-phenylsulfonate (PMPS).
Determination of Zinc Content in Native PKC-Suspensions of thymus or spleen cells of 4 -6-week-old C57Bl/6 mice were activated by incubation with 166 M PMA or 100 M hydrogen peroxide for 15 min at * This work was supported by American Heart Association Grant 0030397T (to I. K.) and National Institute of Health Grants CA 49933 (to U. H.) and CA 89362. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Zinc Release from Protein Kinase C37°C. Resting or activated cells were lysed at 0°C in a standard lysis buffer (50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 10 mM dithiothreitol, 1 mM orthovanadate, 10 g/ml aprotinin, 10 g/ml leupeptin, 1% Triton X-100). PKC␣ was precipitated with PKC␣-specific monoclonal antibody (Transduction Laboratories), and the immunoprecipitates were collected on protein G-agarose beads of standard size or of average size of 34 m in diameter for FACS analysis (Amersham Biosciences). The beads were washed once with lysis buffer and three times with 50 mM Tris-HCl, pH 7.5. Samples were divided into two equal portions, which were analyzed for 1) PKC amount by Western blot and phosphotransfer activity as described previously (9) and for 2) zinc content by a modified TSQ assay (vide infra).
In the TSQ assay, the beads coated with PKC immunoprecipitates of activated cells were analyzed for residual zinc content in comparison with those of resting control cells. Beads were stained with 10 M TSQ solution for 5 min in the cold and then inspected by confocal fluorescence microscopy as described above. After acquiring background fluorescence, the thiol-reactive reagent PMPS was added and the proportional increase in fluorescence emission caused by the displaced Zn 2ϩ was recorded. The zinc content of non-activated cells was taken as reference point, and that of activated PKC samples was computed as a fraction thereof. Additionally, the 34-m TSQ-stained beads were analyzed by the fluorescence-activated cell sorter. After determining background fluorescence emission, the beads were treated with PMPS and the proportional increase in fluorescence was measured by FACS. The reported values represent the fractions of zinc retained in the activated form compared with non-activated PKC␣. Because no method exists to quantitatively separate activated PKC species from inactive forms, no attempts were made to determine molar ratios.
Immunostaining-The control-and PMA-treated insect cells were rinsed with PBS and fixed for 10 min at room temperature with 2% (v/v) paraformaldehyde in PBS. Formaldehyde excess was neutralized with 0.1 M glycine in PBS for 15 min at room temperature. Cells were washed with PBS and permeabilized with 0.1% Triton X-100 (w/v) in PBS containing 1% bovine serum albumin for 10 min at room temperature. After the washing and blocking of nonspecific binding sites by 1% bovine serum albumin, the cells were stained for 1 h at room temperature with anti-PKC␣ antibody (Transduction Laboratories) followed by fluorescein-conjugated goat anti-mouse IgG antibody. The immunostained cells were observed in a confocal laser scanning microscope as described above with the modification that the 488-nm line was used for the excitation of fluorescein.
RESULTS
Intact NIH 3T3 fibroblasts treated with PMA ( Fig. 1, A as visualized by confocal microscopy using as indicator the membrane-permeable Zn 2ϩ -sensitive probe TSQ. The selective zinc-chelating agent TPEN quenched the TSQ fluorescence, indicating Zn 2ϩ specificity (Fig. 1) . To trace Zn 2ϩ release to PKC, we probed T. ni insect cells infected with baculovirus constructs that harbored the full-length human PKC␣ or -genes or empty vector. PMA produced a strong increase in fluorescence in the cells that overexpress PKC␣ but not in the cells expressing PKC␣-or PKC-encoding genes or the empty vector ( Fig. 1, C-F ), in agreement with the known preference of PMA for the ␣-isoform (5). Both ␣-and -isoforms responded to hydrogen peroxide (Fig. 1, E and F in PMA-treated cells, reminiscent of the vesicle-associated zinc accumulation seen in neurons (16) . However, the TSQ fluorescence pattern did not overlap with that of PKC. As in mammalian cells, PMA caused PKC␣ to translocate to the plasma membrane as shown by immunofluorescence (Fig. 1G) . Different locations of TSQ and PKC indicate that released Zn 2ϩ was responsible for enhanced TSQ fluorescence and not the binding of TSQ to PKC. Altogether, the results of Fig. 1 indicated that PKC␣ was the source of free intracellular Zn 2ϩ . The concept that zinc movements were important for PKC to gain enzymatic capacity was validated by comparing the Zn 2ϩ contents in resting and active PKC with the expectation that the former should contain more Zn 2ϩ . To test this assumption, native PKC␣ was immunoprecipitated from lysates of mouse splenocytes and thymocytes before and after PMA or hydrogen peroxide treatment. The immune complexes were collected on protein G coupled to agarose beads. Taking advantage of its hydrophobic nature, we loaded protein G-agarose beads with TSQ as a zinc-sensitive probe. Beads were analyzed by confocal microscopy and flow cytometry, the two methods giving concordant results. This assay system was validated by the addition of external Zn 2ϩ , which resulted in a strictly dose-dependent fluorescence emission. The fluorescence signal was quenched by TPEN. To measure the relative amounts of thiolbound Zn 2ϩ in PKC, we treated the precipitates with the thiolreactive compound PMPS, which quantitatively displaced Zn 2ϩ (17) . The liberated Zn 2ϩ partitioned to TSQ, increasing the fluorescence of the beads. Fig. 2 displays the confocal images of TSQ-stained beads containing activated and resting PKC immunoprecipitates before and after PMPS addition together with control beads. Fig. 2, bar graphs, shows the results of quantitations of the confocal images by MetaMorph (Fig. 2B ) and of the FACS analyses (Fig. 2D) . Statistically significant differences in mean fluorescence values are evident. PMPS displaced far less Zn 2ϩ from in vivo activated PKC␣ than from the resting protein. Phorbol ester caused a loss of approximately one-half of thiol-bound zinc contained in inactive PKC, whereas oxidation expelled over 80% of total extant zinc. PMA as well as peroxide was also capable of dissociating Zn 2ϩ by in vitro treatment of immunoprecipitates obtained from resting cells and less so from activated cells, supporting the data obtained in vivo (data not shown). Beads were tested in parallel for phosphotransferase activity and for PKC amount by Western blot to demonstrate equal loading (Fig. 2C) . Thus, the zinc content correlated inversely with PKC activity.
To strengthen the finding that PKC was the principal source of liberated Zn 2ϩ and to trace Zn 2ϩ release to the zinc finger domain, we evaluated in vitro the GST fusion proteins containing the human PKC␣ C1A, PKC␦ C1B, PKC C1, or cRaf C1 peptides (13), respectively, using a spectrofluorimetric quantitative assay based on TSQ as a probe. PKC␣ and PKC␦ Cys domains released Zn 2ϩ upon PMA treatment, whereas PKC and cRaf Cys domains did not. However, all of the proteins dissociated Zn 2ϩ after H 2 O 2 treatment. Detailed characteristics of the effect are presented for the PKC␦ C1B peptide (Fig.  3A) . Both 1.3-diolein and PMA triggered the release of stoichiometric amounts of zinc, each mole of lipid generating one equivalent of free Zn 2ϩ . Saturation was reached when approximately one-half of the available zinc was released. PMPS was used to determine total Zn 2ϩ content in the GST fusion protein. The measured value was twice as high as that obtained by a saturating dose of PMA. However, the molar ratio of zinc to protein was below the theoretical value of 2.0, indicating that not all bacterially expressed molecules were faithfully folded and hence represented mixtures of active and inactive conformers. Oxidation by H 2 O 2 also led to Zn 2ϩ release from the protein that like PMA treatment reached saturation within a few minutes but freed almost twice as much Zn 2ϩ . Using the cRaf C1 domain as a control protein not known to bind PMA (18), we did not observe Zn 2ϩ release with PMA, whereas oxidation was effective (Fig. 3B) .
The results achieved with TSQ fluorimetry were confirmed by the commonly used colorimetric assay with PAR (17) . To estimate the proportion of fully folded protein, the number of retinol binding sites was determined as described previously (12) , yielding an average value of 0.25 or one-fourth of the theoretical value of 1. The total zinc content measured after PMPS treatment comprised also one-fourth of the theoretical value. Therefore, one-fourth of the bacterially expressed protein appears to represent the functional form. To clarify whether PMA and oxidation with hydrogen peroxide targeted the same or different zinc coordination centers, these two agents were tested alone and in combination. The results (Fig.  3C) confirmed that each agent displaced half of the proteinbound zinc, whereas combined action caused total zinc release.
DISCUSSION
Our results imply considerable plasticity of zinc ions in the PKC zinc finger. The function of zinc finger structures as redoxregulated reversible hinges was described for the bacterial chaperone Hsp 33 (19) . In an oxidizing microenvironment, thiols were converted to disulfide, zinc became uncoupled, and the unfolding of the protein lead to the active enzyme (20, 21) . Although the Cys domains of mammalian serine/threonine kinases have long been known to serve as important regulation centers, the mechanism of such control has not been understood. We found that two chemically dissimilar activation signals and, more importantly, two alternate biochemical pathways converge at this structure and cause principally the same effect. It means that the release of Zn 2ϩ ions from the molecule is of considerable importance, whether triggered by PMA or by reactive oxygen species. In both instances, our experiments suggest that the inactive kinase bound Zn 2ϩ with an affinity exceeding that of our probes, TSQ and PAR. Upon oxidation or PMA binding to the Cys domain, the chelation status of Zn 2ϩ was changed, allowing Zn 2ϩ to partition to the probes. Our results are in complete agreement with those of Knapp and Kann (8) who had previously underscored the importance of zinc release during PKC activation by the redox mechanism. We extend this concept to the classical pathway of PKC activation by lipid second messengers. The key conclusion is that both pathways converge on the zinc finger domains and cause in principle the same molecular event, the release of Zn 2ϩ . The most likely chemical targets of oxidation are the thiol groups of cysteines (8, 20) . As high affinity for zinc depends on the integrity of three S Ϫ anions, a loss of even one of these would destabilize the C3H1 zinc finger and allow precisely the kind of conformational changes that have been postulated by others for the initiation of PKC catalytic activity. These involve the removal of the regulatory N terminus from the catalytic domain, exposure of hydrophobic surfaces that facilitate translocation to membranes, and accessibility to substrate and cofactors (22) (23) (24) .
Although a plausible mechanistic case can be made for redox activation of PKC, the impact of lipid second messenger on PKC structure is not intuitive. Our data implicate Zn 2ϩ in a similar linchpin role in which its removal corresponds to the acquisition of catalytic capability. On crystallographic evidence, PMA probably affects His-269 in which it forms hydrogen links via Leu-251 and Leu-250 (14) . PMA might therefore distort the tetrahedral symmetry by reducing the binding affinity of one Zn 2ϩ ion. It is of interest that PMA, even in 10-fold molar excess, never liberated more than 1 of the 2 zinc equivalents contained in the composite zinc finger and so did mild oxidation. Because each agent given alone produced the release of one-half of the extant zinc, whereas the simultaneous exposure to low concentration of oxidizing agent and PMA caused 100% zinc release, the two triggers seem to target contralateral zinc ions.
Altogether, the data presented above provide new insights into the role of Zn 2ϩ in signaling processes and particularly in the regulation of protein kinase C. We demonstrate herein for the first time that a distinct protein, PKC, is the source of free Zn 2ϩ in the cytoplasm. The two known activation mechanisms, lipid second messengers and mild oxidation, converge on the zinc finger domain and cause Zn 2ϩ dissociation. Hence, far from forming a rigid structure, the zinc finger domain of PKC acts as a reversible hinge. The removal of the tetrahedrically coordinated zinc similar to pulling a linchpin allows the hinge to open and the PKC molecule to become functionally competent.
